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ABSTRACT 

Preforms  of  BN/SiC  coated  Sylramic  SiC  fibers  were  heat  treated  at  1420°, 
1600°,  and  1800°C  in  0.1  MPa  argon  or  at  1800°C  in  103  MPa  nitrogen  for  lh. 
Optical,  SEM,  and  TEM  techniques  were  used  to  analyze  the  effects  of 
environmental  exposure  on  constituent  microstructure  of  the  preforms.  TEM 
analysis  of  the  as-received  preforms  indicates  that  the  CVI  BN  coating  is 
predominantly  amorphous  with  small  amounts  of  microcrystalline  BN  grains,  and 
that  the  SiC  coating  on  top  of  the  BN  coating  and  SiC  fibers  is  polycrystalline. 
With  increasing  temperature  of  exposure  from  1420°  to  1800°C,  the  preforms  heat 
treated  in  argon  showed  increasing  amounts  of  crystalline  BN  in  the  CVI  BN 
coating,  and  coarsening  of  SiC  grains  in  the  CVI  SiC  coating  and  SiC  fibers.  On 
the  other  hand,  the  preforms  heat  treated  in  103  MPa  nitrogen  at  1800°C  for  lh 
showed  microstructural  changes  inside  the  fiber  tows  similar  to  those  heat  treated 
at  1800°C  in  0.1  MPa  argon  for  lh,  but  the  same  preforms  on  the  outer  periphery 
of  the  tows  showed  reaction  between  nitrogen  and  the  CVI  SiC  coating  to  form 
Si3N4. 

KEYWORDS:  SiC  fibers.  Preform,  Microstructure,  Environmental  effects, 
BN/SiC  interface. 
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INTRODUCTION 

Preforms  of  boron  nitride/silicon  carbide  (BN/SiC)  coated  Sylramic  SiC 
fibers  are  being  used  as  a  starting  assembly  for  the  fabrication  of  SiC/SiC 
composites.  The  preforms  are  fabricated  by  stacking  2-D  woven  mats  of  SiC 
fibers  in  a  fixture  and  then  infiltrating  the  fixture  with  BN  and  SiC  coatings  by 
chemical  vapor  infiltration  (CVI).  A  variety  of  processes  are  used  for  further 
densification  including  CVI,  polymer  infiltration  and  pyrolysis,  and  melt 
infiltration  (MI).  For  melt  infiltration,  the  fiber  preforms  are  infiltrated  with  SiC 
particle  slurry  and  then  with  molten  silicon  metal  to  fabricate  SiC/SiC  composites 
[1].  Damage  to  the  fibers  and  interface  coating  during  preform  fabrication  is 
minimum  when  compared  with  other  consolidation  processes  that  involve 
pressure.  Complex  shaped  preforms  can  be  easily  manufactured  by  CVI  process. 
The  SiC/SiC  composites  fabricated  by  the  MI  approach  show  adequate 
performance  potential  and  properties  required  for  the  next  generation  turbine 
components,  but  are  limited  to  1200°C  applications  because  of  the  presence  of 
high  amounts  of  residual  silicon  (10-20  vol%)  in  the  SiC  matrix  [1].  Although 
residual  silicon  is  known  to  improve  properties  of  SiC/SiC  composites  such  as, 
thermal  conductivity,  it  is  an  undesirable  constituent  in  rotating  components 
because  it  reduces  stiffness  of  the  components  above  1200°C  and  it  sweats  out 
from  components  operating  at  temperatures  >  1420°C  and  reacts  with  surrounding 
metallic  attachments.  To  develop  SiC/SiC  composites  stable  to  1400°C,  a  variety 
of  processing  approaches,  which  do  not  involve  MI  infiltration  of  silicon,  are 
being  explored.  Some  of  these  approaches  include  infiltration  of  the  preforms 
with  silicon  alloys  or  silicides,  which  melt  at  least  100  to  200°C  above  the 
operating  temperature  of  the  component.  In  these  cases,  the  preforms  are  exposed 
to  temperatures  ranging  from  1420°  to  1800°C  in  argon  or  in  nitrogen.  However, 
the  microstructural  and  strength  stabilities  of  the  preforms  under  these  conditions 
are  not  fully  understood.  In  this  paper,  the  microstructural  stability  of  the 
preforms  under  silicide  melt  infiltration  conditions  is  investigated. 

EXPERIMENTAL 

The  BN/SiC  coated  Sylramic  SiC  fiber  preforms  were  purchased  from 
AlliedSignal  Composites,  Newark,  Delaware.  Sylramic  is  the  trade  name  of  SiC 
fiber  manufactured  by  The  Dow  Coming  Company,  Midland,  Michigan.  For 
conciseness  henceforth  this  preform  will  be  referred  to  as  Sylramic  preform.  The 
preforms  are  prepared  by  stacking  eight  layers  of  2-D  woven  5-harness-satin 
(5HS)  SiC  fiber  mats  (152  mm  x  229  mm)  and  then  infiltrating  the  assembly  with 
the  BN  and  SiC  coatings  by  a  proprietary  CVI  process.  Typical  dimensions  of  the 
as-processed  preforms  were  152  mm  x  229  mm  x  2  mm.  The  preforms  consist  of 
~40  vol.  %  SiC  fiber,  ~3-8  vol.  %  BN,  -18-30  vol.  %  SiC,  and  -20-40  vol.  % 
open  porosity.  Rectangular  specimens  of  dimensions  152mm  x  13mm  x  2mm 
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were  cut  from  the  larger  preforms  using  a  diamond  impregnated  metal  bonded 
cut-off  wheel.  The  specimens  were  heat-treated  in  a  box  furnace  at  1420°,  1600°, 
and  1800°C  in  0.1  MPa  argon  for  lh  or  in  a  hot  isostatic  press  at  1800°C  in  103 
MPa  nitrogen  for  1  h. 

For  the  preparation  of  transmission  electron  microscope  (TEM)  specimens,  the 
preform  specimens  were  sliced  using  a  diamond  saw.  Each  piece  was  sandwiched 
between  two  sacrificial  silicon  wafers.  The  assembly  was  vacuum  degassed  and 
infiltrated  with  epoxy.  After  curing  the  sandwich  assembly  was  sectioned  to  a  size 
of  2.5mm  x  2mm  x  0.5mm.  After  polishing  one  side,  the  second  side  of  the 
specimen  was  thinned  to  electron  transparency  using  a  tripod  polishing  method 
typically  used  for  polishing  silicon  chips  in  the  electronic  industry  [2].  As 
polishing  progresses,  the  thickness  of  the  assembly  was  determined  from  the  color 
of  sacrificial  silicon.  Tripod  polishing  allows  one  to  mechanically  polish  a  large 
area  of  the  specimen  to  electron  transparency  with  no  or  minimal  mechanical 
damage  to  the  specimen.  Any  mechanical  damage  occurring  to  the  specimen  can 
be  removed  by  argon  ion  milling  at  a  low  angle  (less  than  7  degrees)  for  about  10 
to  20  minutes.  Diffraction  contrast  and  phase  contrast  images,  selected  area 
diffraction  (SAD)  data  were  recorded  using  a  Philips  CM200  electron  microscope 
operated  at  200  kV.  The  TEM  is  coupled  to  an  energy  dispersive  x-ray  (EDX) 
spectrometer  for  chemical  identification.  The  present  TEM  results  include 
analyses  from  cross-sectional  preforms.  In  this  mode,  the  fibers  were  observed 
'end-on'. 

RESULTS 

The  optical  micrographs  of  a  typical  cross-section  of  a  BN/SiC  coated 
Sylramic  SiC  preform  are  shown  in  Fig.  1.  In  this  figure,  the  dark  ring  around  the 
fibers  is  the  BN  coating  and  the  light  gray  region  on  top  of  the  BN  coating  is  the 
SiC  coating.  The  SiC  coating  thickness  varies  from  tow  to  tow  as  well  from  the 
middle  to  the  periphery  of  the  tow.  The  tows  contain  ~10  pm  diameter  fibers.  The 
fiber  tows  appeared  to  be  sealed  off  during  early  stages  of  SiC  coating  thus 
preventing  greater  amounts  of  SiC  deposition  in  the  interior  of  the  tows.  As  a 
result  a  thick  SiC  layer  is  noticed  in  figure  1(b). 

A  low  magnification  TEM  diffraction  contrast  image  of  a  tripod  polished 
Sylramic  fiber  preform  specimen  is  shown  in  figure  2.  The  advantages  of  the 
tripod  polishing  technique  are  quite  obvious.  With  conventional  TEM  specimen 
preparation  techniques,  ~  20pm2  of  electron  transparent  area  can  be  examined, 
whereas  with  the  tripod  technique  ~  800  pm2  of  electron  transparent  area  can  be 
examined  routinely.  The  larger  electron  transparent  area  also  helps  in  generating 
statistically  reliable  chemical  analysis  averaged  over  several  fibers  and  interfaces. 
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(a) 


(b) 


Fig.  1  Optical  photographs  of  the  cross-section  of  BN/SiC  coated  Sylramic  SiC 
preforms  showing  fiber  distribution  and  CVI  SiC  coating  thickness  variation. 


Fig.  2  TEM  micrograph  of  a  preform  specimen  prepared  by  the  tripod  polishing 
method  showing  electron  transparent  region. 
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TEM  micrographs  and  selected  area  diffraction  (SAD)  pictures  of  the  as- 
fabricated  Sylramic  preforms  are  shown  in  Fig.  3.  Results  indicate  that  the  BN 
interface  is  mostly  amorphous,  and  the  CVI  SiC  coating  is  poly-crystalline.  The 
grains  in  the  CVI  SiC  coating  are  columnar  and  grow  radially.  The  boundary 
between  the  SiC  fiber  and  BN  coating  or  between  the  BN  and  SiC  coatings  is 
sharp  and  distinct,  indicating  no  reaction  between  coatings  or  between  the  SiC 
fiber  and  BN  coating.  However  in  a  few  cases  a  graded  zone  of  fine  grained  SiC 
and  amorphous  BN  is  noticed  at  the  BN/SiC  interface.  The  SiC  fiber  contains 
randomly  oriented  SiC  grains  of  -100  nm  nominal  diameter.  The  EDX  analysis 
shows  small  amounts  Si,  C,  O  impurities  in  the  BN  coating  and  the  presence  of  Ti 
and  B  impurities  in  the  SiC  fiber.  High  resolution  TEM  of  the  fiber  confirms  the 
presence  of  TiB2  particles  at  the  triple  junction  of  the  SiC  grains.  This  result  is  in 
agreement  with  analyses  of  Sylramic  fibers  by  Lipowitz  et  al  [3  ]. 


Fig.  3  TEM  micrographs  of  the  interface  zone  of  as-received  BN/SiC  coated 
Sylramic  SiC  preforms. 

A  TEM  micrograph  of  a  section  from  the  preform  heat-treated  in  argon  at 
1420°C  for  lh  is  shown  in  Fig.  4.  This  temperature  was  chosen  because  at  this 
temperature  silicon  melts.  The  influence  of  heat  treatment  temperature  on 
constituent  microstructure  can  be  recognized  when  Fig.  4  is  compared  with  Fig.  3. 
The  BN  coating  shows  growth  of  a  randomly  oriented  whisker-like  structure,  and 
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CVISiC  I  CVIBN  I  SiC  Fiber 


Fig.  4  TEM  micrograph  of  the  cross-section  of  BN/SiC  coated  Sylramic  preform 
heat  treated  in  0.1  MPa  argon  at  1420°C  for  lh. 

the  CVI  SiC  coating  shows  slight  coarsening  of  the  SiC  grains.  The  SiC  fiber 
contains  gray  and  black  particles.  The  boundary  between  the  SiC  fiber  and  the  BN 
interface  coating  is  jagged  and  wavy.  The  EDX  analysis  shows  reduced  oxygen 
content  in  the  BN  coating  when  compared  with  that  of  the  BN  coating  in  the  as- 
received  preform.  The  spot  analysis  indicates  that  the  gray  particles  are  composed 
of  Ti  and  B,  and  the  black  particles  are  rich  in  Si,  B,  and  C. 

Figure  5  is  the  TEM  micrograph  of  a  section  from  the  preform  heat-treated  in 
argon  at  1800°C  for  lh.  Figure  5  shows  rod-like  structures  in  the  BN  coating  and 
coarsening  of  SiC  grains  in  the  CVI  SiC  coating.  The  SiC  grain  size  almost 
doubled  compared  to  that  of  the  as-received  fiber.  In  addition,  the  Ti-rich  particles 
coarsened  and  migrated  from  the  interior  to  the  outer  surface  of  the  fiber.  The 
boundary  between  the  BN  coating  and  SiC  fiber  or  between  the  BN  coating  and 
CVI  SiC  coating  is  not  as  distinct  indicating  inter  diffusion  between  the  species. 

Figure  6  is  the  high-resolution  TEM  micrograph  and  SAD  pattern  of  a  rod¬ 
like  structure  seen  in  the  BN  coating  of  Fig.  4.  The  alignment  of  diffraction  spots 
in  a  row  suggests  that  this  region  is  crystalline  and  composed  of  a  layered 
structure.  The  distance  between  the  fringes  in  Fig.  6  corresponds  to  a  d  spacing 
between  the  lattice  planes  of  the  crystal.  The  measured  d  spacing  is  ~  0.33  nm 
which  compares  well  with  the  d  spacing  value  of  the  [002]  lattice  plane  of  a-BN 
reported  in  the  literature  [4  ]. 
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CVI  BN 


SiC  Fiber 


Fig.  5  TEM  micrograph  of  the  cross-section  of  BN/SiC  coated  Sylramic 


preform  heat  treated  in  0.1  MPa  argon  at  1800  C  for  lh. 


Fig.  6  High  resolution  lattice  image  and  SAD  pattern  of  a  rod-like  structure  in 
the  CVI  BN  coating  after  1800°C  lh  heat  treatment  in  0.1  MPa  argon. 
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Figure  7  is  the  TEM  micrograph  of  a  gray  particle  in  the  SiC  fibers  as  shown 
in  Figs.  4  and  5.  The  EDX  analysis  indicates  that  the  particle  is  composed  of  Ti 
and  B.  Based  on  EDX  and  SAD  information,  this  particle  is  identified  as  TiB2. 


Fig.  7  TEM  image  and  SAD  pattern  of  the  TiB2  particles  in  SiC  fibers  of  BN/SiC 
coated  Sylramic  preforms  heat  treated  in  0.1  MPa  argon  for  lh  at  1800°C. 

Figure  8  is  the  TEM  micrograph  of  the  cross-section  of  BN/SiC  coated 
Sylramic  preforms  heat-treated  in  103  MPa  nitrogen  at  1800°C  for  lh.  This 
section  represents  an  area  near  the  center  of  the  fiber  tow.  Figure  8  shows 
coarsening  of  SiC  grains  in  the  SiC  fiber  and  CVI  SiC  coating,  and  crystallization 
of  amorphous  BN  similar  to  that  observed  in  Fig.  5.  On  the  other  hand, 
examination  of  the  outer  periphery  of  the  tows  of  the  nitrogen  treated  preform 
indicates  void  formation  up  to  a  distance  of  ~l(xm  from  the  surface  of  the  CVI 
SiC  coating  (Fig.  9).  The  elemental  x-ray  line  profile  across  this  region  shows 
predominantly  nitrogen  and  silicon  indicating  formation  of  SbN4  (Fig.  10).  Based 
on  this  observation,  we  concluded  that  heat  treatment  of  preforms  in  103  MPa 
nitrogen  at  1800°C  for  lh  causes  partial  conversion  of  CVI  SiC  coating  to  S^N^ 

In  conclusion,  the  results  of  this  study  indicate  Sylramic  preforms  are  not 
stable  microstructurally  when  heat-treated  in  argon  or  in  nitrogen  environment 
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Fig.  8  TEM  micrograph  of  the  cross-section  of  BN/SiC  coated  Sylramic  SiC  fiber 
'  preform  heat  treated  in  103  MPa  nitrogen  at  1800°C  for  lh. 


Fig.  9  SEM  micrograph  of  the  cross-section  of  BN/SiC  coated  Sylramic  preform 
heat  treated  in  103  MPa  nitrogen  at  1800°C  for  lh  showing  voids  near  the  surface 
of  CVI  SiC  coating. 
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between  1420  and  1800°C  for  lh.  However,  the  effect  of  microstructural  changes 
on  the  strength  properties  must  also  be  studied  to  determine  the  suitability  of 
using  these  preforms  for  melt  infiltration  at  temperatures  greater  than  1420°C. 


Distance  to  the  Surface,  Microns 


Fig.  10  EDX/SEM  line  profile  of  across  the  CVI  SiC  coating  of  the  BN/SiC 
coated  Sylramic  SiC  fiber  preform  heat  treated  in  103  MPa  nitrogen  at  1800°C  for 
lh  showing  formation  of  Si3N4. 

SUMMARY  OF  RESULTS 

The  effects  of  temperature  and  environment  on  microstructural  stability  of 
BN/SiC  coated  Sylramic  preforms  were  analyzed  by  optical  microscopy,  SEM, 
TEM,  and  EDX,  and  the  results  are  as  follow. 

1.  In  1  hr  argon  treatment,  the  amount  of  crystalline  BN  in  the  BN  the  coating, 
the  grain  size  of  SiC  grains  in  the  CVI  SiC  coating  and  SiC  fibers,  and 
coarsening  and  migration  of  TiB2  particles  from  the  interior  to  the  surface  of 
the  SiC  fibers  increased  with  increasing  temperature  from  1420  to  1800°C. 

2.  In  the  interior  region  of  the  tows,  Sylramic  preforms  heat  treated  at  1800°C  in 
103  MPa  nitrogen  for  lh  showed  microstructural  changes  similar  to  those  heat 
treated  at  the  same  temperature  in  argon,  but  on  the  outer  periphery  of  the 
tows,  the  preforms  showed  reaction  between  the  CVI  SiC  coating  and  nitrogen 
to  form  SisN4. 
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